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Methacrylates are the most abundant organic component in polymer resin-based dental materials (PRMs). Patients and dental personnel are exposed to these substances through inhalation of volatile and particlebound methacrylates (1) (2) (3) , or by direct contact with uncured PRMs, for example, during pulp-capping procedures or handling (4, 5) . In addition, elution of unreacted methacrylates from PRMs may result in exposure of patients to such substances (6, 7) .
Exposure to methacrylates can induce allergic reactions (5) . The ability of these compounds to react with nucleophilic centers of proteins, lipids, and/or DNA may also cause cytotoxic and/or genotoxic effects (5, 8, 9) . Even though adverse reactions caused by PRMs are seldom reported, it does not imply that such substances are innocuous (10) . By charting the mechanisms that underlie methacrylate toxicity, one may better understand the hazards posed by these substances (11) .
Triethylene glycol dimethacrylate (TEGDMA) is a commonly used and much-studied methacrylate in dentistry (12) . It has been shown in vitro to induce dosedependent effects, such as apoptosis, cell cycle delay, and genotoxicity (12) . While the toxic potency of methacrylates varies, some common modes of action have been reported, for example, induction of oxidative stress (12) . The increased oxidative stress caused by TEGDMA and other methacrylates is partly attributed to depletion of scavengers of reactive oxygen species (ROS)especially glutathione (13) (14) (15) . However, increased levels of ROS may also be attributed to damage to, and subsequent dysfunction of, ROS-producing organelles, such as the endoplasmic reticulum and mitochondria (16) (17) (18) . Triethylene glycol dimethacrylate is shown to modulate transcripts associated with redoxsensitive pathways, for example, nuclear factor (erythroid-derived 2)-like 2 (NRF2)-regulated pathways (19) . Still, other mechanisms may be important in TEGDMA toxicity as antioxidants are not able to nullify all the negative effects of TEGDMA and other methacrylates (20) (21) (22) .
Analysis of changes in the cell proteome can give novel insight into the collective protein expression that orchestrates biological events. To our knowledge, this is the first study utilizing a proteomic approach to study the mechanisms of methacrylate toxicity. Stable isotope labeled amino acids in cell culture (SILAC) is a powerful, unbiased, and versatile metabolic-labeling strategy that is used to study differential expression of proteins using mass spectrometry (MS)-based quantitative proteomics (23) . The high sensitivity of this technique makes it suitable for studies of the biological effects of TEGDMA at concentrations that previously have been described or regarded as non-toxic (24) .
In this study, we aimed to explore time-and dosedependent proteomic alterations caused by TEGDMA in human THP1 monocytes, a commonly used cell model in methacrylate toxicity studies. We initially established a non-cytotoxic and a cytotoxic concentration of TEGDMA, then performed proteomic analyses of THP-1 cells cultivated in SILAC medium, 6 and 16 h after exposure to these non-cytotoxic and cytotoxic concentrations of TEGDMA. Our study increases, and reinforces, the current understanding of how TEGDMA interacts with cells. Interestingly, even low doses of TEGDMA induced a substantial cellular response.
Material and methods
A summary of the methods is presented in Fig. 1 .
Chemicals and materials
Triethylene glycol dimethacrylate (cat. no. 759406), and Triton X-100 were purchased from Sigma-Aldrich (St Louis, MO, USA). RPMI-1640 medium (supplemented with L-glutamine and sodium bicarbonate), fetal bovine serum (FBS), SILAC Protein Quantitation Kit (LysC) RPMI 1640, L-Arginine-13 C 6 hydrochloride for SILAC, NuPage 4-12% gels and buffers, and SimplyBlue SafeStain were from Thermo Fisher Scientific (Waltham, MA, USA). RealTime-Glo MT Cell Viability Assay was from Promega (Promega, Madison, WI, USA), and MycoAlert Mycoplasma Detection Kit was from Lonza (Basel, Switzerland).
Cell culture
The human monocytic cell line THP-1 (ATCC TIB-202; LOT: 59598936) was acquired from ATCC (Manassas, VA, USA). The cells were cultured in RPMI-1640 with 10% FBS, without antibiotics, at 37°C in an atmosphere of 20% O 2 and 5% CO 2 , and passaged every 2-3 d at a concentration of 0.2 9 10 6 cells ml À1 . Experiments were performed with cells up to passage 26. The cell cultures were regularly screened for mycoplasma infection.
Measurement of TEGDMA solubility in cell culture medium
Solvents can interfere with the cytotoxicity of methacrylates (28) . Still, there is no consensus on the type or concentration of solvent used in cell culture experiments (24) . We therefore tested whether solvents could be omitted. The particle size distribution of 10 mM TEGDMA in RPMI-1640 medium was determined by photon correlation spectroscopy using a submicron particle sizer (Model 370; Nicomp, Santa Barbara, CA, USA). According to this method, a particle intensity of approximately 250-350 kHz should be achieved for valid measurement of particles in the solution (values below this indicate a solution). The value measured for 10 mM TEGDMA was 14 kHz. Therefore, TEGDMA was dissolved directly in the cell medium for all experiments. Fig. 1 . Workflow summary. Solubility testing of triethylene glycol dimethacrylate (TEGDMA) was performed to examine the need for solvent. The effect of TEGDMA on viability of THP-1 cells was assessed with a real-time assay measuring cell-reduction potential and automated cell counting to define the appropriate concentrations of TEGDMA for the proteomic experiments. Transmission electron microscopy (TEM) was used to examine ultrastructural changes at the same concentrations of TEGDMA used in the proteomic experiments. THP-1 cells were cultured using the stable isotope labeled amino acids in cell culture (SILAC) strategy for metabolic incorporation of either light ( 12 C6) or heavy ( 13 C6) lysine and arginine for eight cell doublings before exposure to either 0.3 or 2.5 mM TEGDMA for 6 or 16 h. Protein expression was evaluated in comparison to untreated cells. Protein samples were subjected to gel electrophoresis [specifically, difference gel electrophoresis (DIGE)], trypsin treatment, and liquid chromatography-tandem mass spectroscopy (LC-MS/MS) analysis of tryptic peptides of mixed samples. The MaxQuant quantitative proteomic software package (25) was used to analyze the raw data, and Perseus was used for the statistical validation of proteins (26) . Further bioinformatic analysis was performed with the STRING database tool set (27) .
Cell viability
Cell viability was determined using the RealTime-Glo MT Cell Viability Assay (Promega), measuring the reduction potential as a marker of cell metabolism. In the present study, this assay was used in the continuous read format to determine the effect of different concentrations of TEGDMA on cell viability at different times over the course of 72 h, compared with cells not treated with TEGDMA.
Triethylene glycol dimethacrylate was weighed under sterile conditions and diluted to a 10 mM solution in RPMI-1640/10% FBS. Initially, serial dilutions of the TEGDMA solutions (5, 2.5, 1.25, 0.65, 0.3, 0.15 mM) were pipetted into white 96-well plates. Based on the results, 5 mM TEGDMA was excluded from further platings and 0.07 mM TEGDMA was used. The positive assay control was 5% Triton X-100. Cells (0.2 9 10 6 ml À1 , 50 ll) in RPMI-1640/10% FBS, 2 9 RT substrate, and Nanoluc enzymes were added to all treatments, except the treatment blank, according to the manufacturer's protocol. The cells were incubated for 15 min at 37°C before the first reading was performed in a prewarmed (37°C) CLARIOstar plate reader (BMG LABTECH, Offenburg, Germany), and monitored frequently for up to 72 h.
Morphological assessment and cell counting
To supplement the cell-viability assay, cell proliferation was assessed using automated cell counting, and cell morphology was assessed by transmission electron microscopy (TEM). For cell counting, 24-well tissue-culture plates were prepared with 0.2-0.3 million THP-1 cells per well in 1 ml of RPMI-1640/10% FBS supplemented with the following concentrations of TEGDMA: 2.5, 1.25, 0.6, 0.3, 0.15, or 0.0 mM. Every 24 h for up to 72 h, the cell cultures were evaluated by phase-contrast microscopy, and the numbers of cells in aliquots of cell culture were counted in a Sysmex XP-300 Automated Hematology Analyzer (Sysmex, Kobe, Japan).
THP-1 cells for TEM were collected from cell suspensions in RPMI-1640/10% FBS medium for SILAC, then fixed in 4% formaldehyde and 2.5% glutaraldehyde in 0.1 M PHEM buffer (1 | 0.1 M PHEM, pH 7, contains 18.14 g PIPES, 6.5 g HEPES, 3.8 EGTA, 0.99 g MgSO 4 per l, adjusted to pH 7 with 10 M KOH), pH 7. The fixed cells were processed according to a modified version of a protocol given previously (29) . The cells were post-fixed for 1 h in 0.5% glutaraldehyde in 0.1 M PHEM buffer with 0.05% malachite green. The cells were spun down, washed 2 9 15 min in 0.1 M PHEM buffer, further fixed for 1 h in 0.8% K 3 Fe(CN) 6 and 1% OsO 4 in 0.1 M PHEM buffer, washed 2 9 15 min in 0.1 M PHEM buffer, treated for 30 min with 1% tannic acid in double-distilled water, washed 2 9 15 min in 0.1 M PHEM buffer, 2 9 3 min in double-distilled water, then incubated in 1% uranyl acetate in double-distilled water, washed 2 9 3 min in double-distilled water, and dehydrated through a graded series of ethanol (1 9 5 min 30%, 1 9 5 min 60%, 1 9 5 min 90%, 2 9 5 min 100%). Dehydrated cell pellets were infiltrated over night with 50% propylenoxide and 50% Agar 100 resin (Agar Scientific, Stansted, UK) before infiltration with 100% AGAR 100 resin overnight and polymerized at 60°C overnight. All steps, except polymerization, were carried out at room temperature, with cells in 1.5 ml Eppendorf tubes. Washing was static, and all liquid volumes were 1 ml. Ultrathin sections (70-90 nm) were analyzed using a JEM-1010 microscope (JEOL, Tokyo, Japan), equipped with a Morada CCD camera (Olympus, Tokyo, Japan).
Stable isotope labeling by amino acids in cell culture
THP-1 cells were metabolically labeled by cultivation in RPMI-1640/10% FBS medium for SILAC and prepared according to the SILAC Protein Quantitation Kit protocol (Thermo Fisher Scientific). The cells were cultured in SILAC medium containing either light ( 12 C 6 ) or heavy ( 13 C 6 ) isotope arginine and lysine, for eight cell doublings, before exposure to TEGDMA. Pilot experiments showed that six doublings yielded unsatisfactory incorporation of amino acids.
SILAC: processing of TEGDMA-treated cells
Cells with incorporation of either heavy or light amino acids were exposed for 6 or 16 h to 0.3 or 2.5 mM TEGDMA, respectively. The control was non-treated cells. Experimental state and stable isotope labels were swapped to account for systematic errors caused by metabolic incorporation of the heavy and light amino acid (labelswap).
Cell numbers were counted before mixing to ensure a 1:1 mix of 12 C-and 13 C-labeled cells. Culture media were discarded and cells were washed three times with PBS in order to process only intracellular proteins from intact cells. Cells were lysed in NuPAGE LDS Sample Buffer (49) and stored at À70°C until gel preparation.
The samples were denatured for 30 min at 95°C and protein concentration was measured using the Millipore Direct detect protein chip. Around 50 lg of protein per sample was loaded onto a Novex gel with NuPAGE buffer and run at 200 V for 20 min, before fixation for 60 min in 40% methanol, 10% acetic acid, and 50% Milli-Q water. Proteins were visualized with SimplyBlue SafeStain and each sample were cut in three pieces for proteomics analysis.
Liquid chromatography-tandem mass spectroscopy
Gel pieces were subjected to in-gel reduction, alkylation, and tryptic digestion using 6 ng ll À1 of trypsin (V511A; Promega) (30) . OMIX C18 tips (Varian, Palo Alto, CA, USA) were used for sample cleanup and concentration. Peptide mixtures containing 0.1% formic acid were loaded onto a Thermo Fisher Scientific EASY-nLC1000 system and EASY-Spray column (C18, particle size: 2 lm, pore size 100 A, diameter: 75 lm, length 50 cm). Peptides were fractionated using a linear 2-100% acetonitrile gradient in 0.1% formic acid over 200 min at a flow rate of 200 nl min À1 . The separated peptides were analyzed using a Thermo Scientific Q-Exactive mass spectrometer. Data were collected in data-dependent mode using a top10 method.
SILAC quantitation
Raw files from the Q-Exactive MS were analyzed using the quantitative proteomics software MAXQUANT (version 1.5.6.0) (25) . The SILAC pairs were quantitated in MAX-QUANT, and proteins were identified using the built-in Proteomic effects of TEGDMA Andromeda search engine from the Uniprot Homo sapiens (Human) database (Nov 2016). Main search peptide tolerance was set to 4.5 ppm and MS/MS mass tolerance to 20 ppm. A false discovery rate (FDR) ratio of 0.01 was needed to give protein identification. At least two peptides had to be quantitated to give a quantitation value.
Statistical validation of protein regulation was performed using the PERSEUS 1.5.6.0 software (26) . To determine significant outliers a significance B test was performed. This was carried out according to the Benjamini-Hochberg procedure with an FDR of 0.05. A protein that was significantly regulated in at least two of four replicates according to the significant B-test was determined as significant regulated. Proteins that had less than two-fold change in protein levels compared with the control had to be significantly regulated in both the 12 C-and the 13 C-labeled cells, in each treatment group, to be included in further analysis.
Data analysis and statistics
Proteins that passed the initial screening process were analyzed in the STRING database (27) . STRING is a database of known and predicted protein-protein interactions; for example, direct (physical) and indirect (functional) associations, based on computational prediction; readacross from different organisms; and interactions collected in other primary databases. Searches in the database were based on proteins determined regulated in the proteomic experiments. Gene ontology analysis of biological processes (hereby referred to as GO enrichment analysis) was conducted for the 0.3 and 2.5 mM TEGDMA treatment groups at both 6 and 16 h.
Graphing and statistical analysis were performed in SIG-MAPLOT 13 (Systat, San Jose, CA, USA). Results from the cell-viability and cell-proliferation assays were analyzed using one-way ANOVA (a = 0.05). Post-hoc tests were performed using the Holm-Sid ak method (a = 0.05).
Nomenclature
Proteins are referred to with their entry name in the STRING database [corresponding to Human Genome Organisation (HUGO) gene names]. Gene symbols are italicized.
Data availability
The data sets generated and analyzed during the study are available in the PRoteomics IDEntifications (PRIDE) database (31) . Data are available via ProteomeXchange with identifier PXD009206.
Results

Effect of TEGDMA on THP-1 cell viability
Triethylene glycol dimethacrylate showed a time-and dose-dependent effect on THP-1 cell viability, as determined by monitoring the cellular reduction potential (Fig. 2) . Incubation with ≤0.6 mM TEGDMA for 10 h increased the cell-reducing potential above the value obtained for untreated control cells, while incubation with ≥1.25 mM TEGDMA decreased this variable.
A marked reduction in the rate of cell proliferation was apparent in cultures treated with 1.25 or 2.5 mM TEGDMA ( Fig. 3 ). For all treatment groups, the cells appeared intact after 24 h, but after 48 and 72 h, dead or dying cells were observed in cultures treated with 2.5 mM TEGDMA (phase contrast microscopy, data not shown). Transmission electron microscopy showed that THP-1 cells exposed to 2.5 mM TEGDMA for 16 h had membrane protrusions with a more rounded shape than the membrane protrusions of untreated control cells and cells exposed to 0.3 mM TEGDMA ( Fig. 4 ). After 72 h, all cells exposed to 2.5 mM TEGDMA were necrotic, whereas cells exposed to 0.3 mM TEGDMA looked intact and similar to those of the control group (Fig. 4) . 
Proteome response to TEGDMA exposure
The objective of the proteomic study was to explore early events in THP-1 cells exposed to non-cytotoxic and cytotoxic doses of TEGDMA. Based on the results of the cell viability and proliferation studies, we chose to perform SILAC-based quantitative proteomic analyses of cells treated for 6 and 16 h with either 0.3 or 2.5 mM TEGDMA. The analyses demonstrated that 22 proteins were upregulated and 11 proteins were downregulated in cells exposed to 0.3 mM TEGDMA. In cells exposed to 2.5 mM TEGDMA, 15 proteins were upregulated and 37 proteins were downregulated. Tables 1 and 2 show an overview of dose-and timedependent changes in the expression of individual proteins. Of note, more than 50% of the regulated proteins were significantly up-or downregulated in at least three out of four biological replicates (the inclusion criteria being two out of four). The most common reason for not identifying a protein in a replicate as regulated, was that the protein was not identified (NaNnot quantified protein), which is an inherent method weakness. One of the replicates in the 2.5 mM/6 h group was excluded from the analysis because of a very large ratio distribution compared with the other samples. Fig. 3 . Effect of triethylene glycol dimethacrylate (TEGDMA) on rate of cell proliferation. Cell numbers in THP-1 monocyte cultures exposed to different concentrations of TEGDMA for 48 h. Cell numbers were measured at the indicated time points using an automated cell counter. Cell number per well at the start of the experiment was set as 100%. The data shown are the average result of two independent cell experiments. Error bars show SD. *Statistically significant difference from the non-TEGDMA-treated control. Fig. 4 . Effect of triethylene glycol dimethacrylate (TEGDMA) on cell morphology. Transmission electron microscopy images of resin-embedded THP-1 monocytes exposed to TEGDMA for 5, 16, or 72 h is shown. Cells treated with 2.5 mM TEGDMA showed more rounded membrane protrusions (arrows) at 16 h than control cells and cells treated with 0.3 mM TEGDMA. After 72 h, all cells exposed to 2.5 mM TEGDMA were necrotic, whereas cells exposed to 0.3 mM TEGDMA were intact and similar to control cells. Scale bars: 2 lm, except 2.5 mM, 72 h: 5 lm.
To determine the biological significance of the regulated proteins, the results were analyzed using the STRING database. The biological relationships currently recognized between proteins are displayed in Figs 5 and 6. The GO enrichment analysis showed that six pathways were affected by 0.3 mM TEGDMA (Table 3) . Among these, response to stress and oxidative stress were the pathways with the largest number of regulated proteins (16 and six proteins, respectively). Upregulation of proteins involved in oxidative stress resistance was most pronounced in cells exposed to 0.3 mM TEGDMA. In the 2.5 mM TEGDMA group, the GO enrichment analysis identified five and 13 pathways at 6 and 16 h, respectively (Table 3) . At 6 h, these included regulation of protein ubiquitination, the mitotic cell cycle, and cell-cycle checkpoints; all pathways unique for the 2.5 mM treatment group. At 16 h, pathways related to apoptotic signaling, regulation of response to stress, and cellular homeostasis, as well as cellular responses to DNA-damage stimulus, were affected (Table 3 ) (27) .
The protein-protein interaction (PPI) enrichment P-values for the data sets were 0.00195 (6 h) and 4.02e-05 (16 h) for the 2.5 mM exposure groups, and 0.0412 (6 h) and 5.55e-16 (16 h) for the 0.3 mM exposure groups. This indicates that the proteins in the data sets have more interactions among themselves than expected for a similarly sized random set of proteins. The PPI enrichment P-values further suggest that the proteins in the data sets were at least partially biologically connected as a group.
Discussion
The viability assessment and proteomic analysis showed several dose-and time-dependent effects of TEGDMA not previously reported. Concentrations of ≥ 1.25 mM TEGDMA caused a decrease in cell viability and Table 1 List of proteins found to be upregulated in THP-1 cells exposed to triethylene glycol dimethacrylate (TEGDMA) Numbers indicate average fold upregulation compared with control. Values are only shown for proteins that were significantly upregulated in at least two replicates, as described in the Material and methods.
inhibition of cell proliferation, whereas concentrations of TEGDMA below 0.6 mM increased cell viability without affecting cell proliferation (Figs 2 and 3) . This corresponded to the effects of TEGDMA observed at the cell proteomic level. Expression of proteins associated with oxidative stress, in particular proteins reported to be controlled by the redox-sensitive transcription factor, NRF2, were altered in both treatment groups.
Nuclear factor (erythroid-derived 2)-like 2 is referred to as 'the master regulator of the antioxidant response' (32) and initiates the transcription of genes related to neutralization of ROS (32, 33) . Nuclear factor (erythroid-derived 2)-like 2 also controls expression of other stress-related factors, such as detoxification enzymes, proteasomes, and heat-shock proteins (33) . Altered levels of proteins associated with NRF2 activity have been observed in cells exposed to hydroxyethyl methacrylate (HEMA) (34) (35) (36) , bisphenol A diglycidyl ether dimethacrylate (Bis-GMA) (37) , and urethane dimethacrylate (UDMA) (38) , and upregulation of NRF-2 associated factors is suggested to be a general protective mechanism in cells exposed to methacrylates (36) .
Heme oxygenase 1 (HMOX1) was the protein most strongly upregulated in the present proteomic data set, independent of concentration or time of exposure of the THP-1 cells to TEGDMA. Heme oxygenase 1 is an established NFR2-regulated protein and a key enzyme in the cellular response to oxidative stress (39). Heme Table 2 List of proteins found to be downregulated in THP-1 cells exposed to triethylene glycol dimethacrylate (TEGDMA) Numbers indicate average fold downregulation compared with control. Values are only shown for proteins that were significantly downregulated in at least two replicates, as described in the Material and methods. oxygenase 1 mediates the first step in heme catabolism by cleaving free heme to Fe(II), carbon monoxide, and biliverdin (39) . The Fe(II) generated can promote the Fenton reaction, resulting in the conversion of H 2 O 2 into OH radicals. However, the concomitant regulation of iron-binding proteins, such as ferritin heavy chain 1 (FTH1) and ferritin light chain (FTL), promotes detoxification of the Fe(II) ion and subsequent storage of iron (40) . In our study, upregulation of FTH1 and FTL were displayed in both the 0.3 mM and 2.5 mM TEGDMA treatment groups (Table 1) . Heme oxygenase 1 is thought to act as a cytoprotectant, both directly, by reducing the amount of cytotoxic free heme (which increases during oxidative stress), and indirectly through the production of carbon monoxide and biliverdin (39) . Biliverdin is converted to the antioxidant bilirubin, which is suggested to have protective effects on cell-membrane components, analogous to how glutathione protects cytoplasmic components (40) . Upregulation of HMOX-1 has previously been reported at the mRNA level, in dental pulp cells exposed to TEGDMA (19, 41, 42) . Upregulation of HMOX-1 is also reported in cells exposed to UDMA, HEMA, and Bis-GMA (34) (35) (36) (37) (38) . Heme oxygenase 1 (and subsequent iron sequestration) is therefore likely to play an important role in maintaining the redox balance in cells exposed to methacrylates.
Cells exposed to ≤0.6 mM TEGDMA showed increased viability compared with non-TEGDMA-treated control cells, suggesting an increased metabolic rate. This is in accordance with the enhanced metabolism observed in mouse fibroblasts (3T3 cells) exposed to 0.5 mM TEGDMA (43) , which was suggested by the authors to be caused by upregulation of detoxification processes. Changes in proteins associated with metabolic processes were also observed in our proteomic data, as 6-phosphogluconate dehydrogenase (PGD), a component of the pentose phosphate pathway, was upregulated by 0.3 mM TEGDMA. The pentose phosphate pathway is a major source for reductive power in the cells through the generation of NADPH (44) . The availability of NADPH might explain some of the dose-dependent differences in the expression of regulated antioxidants proteins between treatment groups.
Antioxidant pathways are important for maintaining homeostatic ROS levels. The three main pathways for removal of ROS involve thioredoxins, catalases, and glutathioneall of which are regulated by NRF2 activity (32, 45) . Glutatione is the most abundant intracellular ROS scavenger (33) , and a key determinant of the redox status of the cell. In the present study, TEGDMA affected antioxidant pathways in a dosedependent manner, with upregulation of proteins (27) . A red circle indicates that this protein belongs to the Gene Ontology biological process of Response to stress (GO0006950). Box: line boldness between proteins indicates strength of confidence of the associations as shown in the STRING analyses. The full protein name of each abbreviation can be found in Table 1 or 2. involved in glutathione homeostasis being most pronounced in the low-dose group. The first rate-limiting enzyme of glutathione synthesis, glutamate-cysteine ligase regulatory subunit (GCLM), was upregulated at both time points by 0.3 mM TEGDMA, and only at 16 h by 2.5 mM TEGDMA. Increased glutathione synthesis was indicated in the low-TEGDMA-dose group by upregulation of phosphoserine aminotransferase 1 (PSAT1), an enzyme involved in production of glycine, a substrate for glutathione synthesis (46) . Upregulation of glutathione reductase (GSR), which catalyzes the recovery of glutathione by reducing glutathione disulfide, was also only seen for the low-TEGDMA-dose group.
Triethylene glycol dimethacrylate is suggested to cause depletion of glutathione, without creation of glutathione disulfide, by forming TEGDMA-glutathione adducts at concentrations of TEGDMA above 0.5 mM (47) . This may explain the difference in GSR expression between cells exposed to 0.3 and 2.5 mM TEGDMA, as formation of adducts at high doses of TEGDMA would prevent upregulation of GSR (17, 47) . Furthermore, the low reduction potential seen in THP-1 cells after treatment with 2.5 mM TEGDMA suggests the presence of low levels of NADPH, which is the substrate for GSR (48) . Differences in TEGDMA-glutathione adduct formation and levels of NADPH may also explain why thioredoxin reductase 1 (TXNRD1) was downregulated by 2.5 mM TEGDMA but upregulated by 0.3 mM TEGDMA. Thioredoxin reductase 1 represents a class of redox proteins that facilitates the reduction of other proteins by cysteine thiol-disulfide exchange by NADPH (49, 50) . Increased levels of reduced thioredoxin have been associated with increased cell survival through nuclear factor-kappaB (NF-jB) signaling (49) .
Our results also show that a recently discovered member of the oxidoreductase family, sulfiredoxin 1 (SRXN1) (51) , is upregulated by both low and high concentrations of TEGDMA. This is in line with findings in a study on human fibroblasts in which upregulation of SRXN1 was shown to occur at transcriptional level after exposure to TEGDMA (41) . Sulfiredoxin 1 is thought to act as a bridge between multiple redox systems by catalyzing the reduction of cysteine-sulfinic acid, formed under exposure to oxidants (51) . Taken together with our findings, this suggests that sulfiredoxin and thioredoxin activities are important in counteracting TEGDMA toxicity.
In our data set, TEGDMA increased the production of heat-shock proteins, of which expression is reported to be partially controlled by NRF2 (33) . Heat-shock proteins are normally expressed at low levels under physiological conditions and are upregulated by cellular Fig. 6 . Confidence of association between regulated proteins in THP-1 cells after exposure to 2.5 mM triethylene glycol dimethacrylate (TEGDMA) for 6 and/or 16 h (compared to non-treated control cells). Circles (red and black) represent regulated proteins. Lines between circles represent protein-protein associations, that is, shared function, as indicated by the analysis performed with the String database tool (27) . A red circle indicates that this protein belongs to the Gene Ontology biological process of Response to stress (GO0006950). Box: line boldness between proteins indicates strength of confidence of the associations as shown in the STRING analyses. The full protein name of each abbreviation can be found in Table 1 or 2. stress, such as increased oxidation of biomolecules or protein misfolding (33) . Induction of heat-shock proteins by TEGDMA was dose-and time-dependent, with the highest levels recorded after exposure to 2.5 mM TEGDMA (Table 1) . This was probably a result of pronounced changes in the cell redox balance and subsequent oxidative damage to biomolecules. In the 2.5 mM TEGDMA treatment group, components of the ubiquitin-proteasome system were downregulated already at 6 h, suggesting an early, pronounced oxidative insult (52) .
Triethylene glycol dimethacrylate has previously been reported to increase levels of biomarkers of ROSinduced DNA-damage, such as 8-oxoG adducts and ataxia-telangiectasia kinase (ATM) (53) . In our analysis, early signs of oxidized base damage were indicated in THP-1 cells treated with 0.3 mM TEGDMA by upregulation of the anti-silencing function protein 1A (ASF1A) and HIV-1 Tat interactive protein 2 (HTA-TIP2; CC3), which are associated with genotoxic stress (54) . However, 0.3 mM TEGDMA did not affect THP-1 cell growth negatively. In the 2.5 mM TEGDMA treatment group, cell growth was markedly impaired. There also was a marked downregulation of thymidylate synthetase (TYMS), an enzyme involved in the synthesis of an essential precursor for DNA synthesis. Inhibition of this protein is linked to DNA strand breakage, cell-growth inhibition, and cell death (55) .
The growth arrest and proteomic alterations that were observed in cells exposed to 2.5 mM TEGDMA suggest damage of nuclear DNA. As mitochondrial DNA (mtDNA) is three-to sevenfold more Table 3 Gene ontology enrichment analysis of biological processes that were affected in THP-1 cells exposed to 0.3 mM (A) or 2.5 mM (B, C) triethylene glycol dimethacrylate (TEGDMA) for 6 or 16 h susceptible to oxidative damage than nuclear DNA (56) , damage to mtDNA is likely to occur. Mitochondrial DNA damage negatively influences mitochondrial membrane potential and production of ATP-and NADPH, while increasing production of ROS as a result of reduced expression of crucial mitochondrial proteins (18, 56, 57) . In the present study, mitochondrial dysfunction was suggested in the real-time viability assay by the decreased reduction potential observed in cells exposed to ≥1.25 mM TEGDMA. Early mitochondrial dysfunction was also indicated by the downregulation of mitochondrial enzymes involved in energy metabolism, such as dihydrolipoamide dehydrogenase (DLD) in the high-dose TEGDMA group. In addition, the decreased expression of aldehyde dehydrogenase 1 family member L2 (ALDH1L2) suggests increased cell susceptibility to ROS, as this protein is known to be a crucial protector against oxidative stress in the mitochondria (58) . Finally, the lowered levels of BRAT1 induced by exposure to 2.5 mM TEGDMA may be associated with metabolic abnormalities that ultimately lead to mitochondrial malfunction, loss of redox balance, and cell death (59) . Declining ATP levels and compromised redox balance as a result of mitochondrial damage are common causes of regulated cell death (60) . Triethylene glycol dimethacrylate has previously been demonstrated to cause apoptosis through the intrinsic and extrinsic pathways (61) . In the GO enrichment analysis, extrinsic apoptotic signaling pathways were advocated for the group treated with 2.5 mM TEGDMA. Moreover, the mitochondrial NLR family member X1 (NLRX1) was among the most upregulated proteins in this group. This protein is suggested to control the balance between extrinsic and intrinsic apoptotic signaling pathways by interacting with the electron transport chain (62) .
Interestingly, TEGDMA affected the expression of proteins associated with immune functions in the THP-1 monocyte. Several of the regulated proteins in both dose groups are associated with immune functions linked to pathogen clearance and inflammation ( Table 3 ). The influence of TEGDMA on immune functions could be related to NRF2 activity (63); for example, anti-inflammatory effects induced in THP-1 cells have been reported to be mediated by an HMOX-1/NRF2 cascade (63, 64) . Interferon regulatory factor 8 (IRF8), a protein described to be essential for immune responses (65) , was downregulated by both 0.3 and 2.5 mM TEGDMA, although downregulated to a greater degree in the high-dose-TEGDMA group. Macrophages deficient in IRF8 have decreased autophagic activity (65) .
Autophagy is an essential cell process, partly controlled by NRF2 (66) , that promotes cell survival by removing dysfunctional organelles and proteins. For example, defective or damaged mitochondria caused by exposure to TEGDMA will contribute to ROS formation if not removed (17, 67) . A previous study, utilizing TEM, reported that TEGDMA did not induce autophagy in human gingival fibroblasts (68) . However, our proteomic data gave some indication of the induction of autophagic processes by TEGDMA. For example, sequestosome-1 (SQSTM1) (67) , cellular repressor of E1A-stimulated genes (CREG1) (69) , and microtubule-associated protein 1B (MAP1B) were upregulated in the 0.3 mM TEGDMA group. Upregulation of MAP1B has been linked to membrane blebbing and autophagic vesicle formation (70) . Autophagic vacuole formation was also observed in THP-1 cells by TEM in our study, although with no clear difference between the treated groups and controls. The more evident autophagic protein response in the low-dose-TEGDMA group may be a result of the fact that high concentrations of TEGDMA inhibit the phosphoinositide 3kinase (PI3K) pathway (71) , which has a crucial role in autophagy (72) .
Low doses of TEGDMA (0.3 mM) caused upregulation of proteins associated with increased cell survival, such as NAD(P)H dehydrogenase [quinone] (NQO1). The NRF2-regulated protein, NQO1, controls several functions linked to increased cell survival (73, 74) , such as reduction in the levels of intracellular quinonoids through consumption of NADPH, thus preventing the formation of free radicals (semiquinones) and ROS (73, 74) . Another cytoprotective protein upregulated in the low-dose group was the multidrug resistance-associated protein 1 (ABCC1). This protein mediates ATP-dependent transport of glutathione and glutathione conjugates, as well as xenobiotics, across the plasma membrane (75) . In relation to TEGDMA toxicity, ABCC1 may be necessary to avoid accumulation of intracellular TEGDMA and/or TEGDMA-glutathione adducts (75) . Active transport of TEGDMA, together with cellular metabolism, may explain why intracellular concentrations of TEGDMA are only a fraction of the extracellular available concentration (28, 76) .
To sum up, the proteomic alterations displayed in human THP-1 monocytes exposed to TEGDMA showed increased oxidative stress responses at early time points, regardless of dose. The highest dose of TEGDMA (2.5 mM) caused changes in proteins associated with cell cycle arrest and apoptotic pathways. Of note, concentations of TEGDMA previously referred to as non-toxic caused proteomic changes that may alter the cell phenotype and immune function, and increase cell survival through mechanisms that involve antioxidant pathways. As exposure to a concentration of TEGDMA lower than 0.3 mM increased cell viability in a similar manner as 0.3 mM TEGDMA, one may speculate if the cell proteome will be affected by exposure to even lower doses of TEGDMA.
In light of the present and reported findings on cellular effects of TEGDMA, direct exposure to uncured or insufficiently cured materials containing TEGDMA should be avoided. This is particularly relevant for dental materials containing TEGDMA (and other methacrylates) that are indicated for direct application on living tissue such as resin-modified pulp-capping materials (77) . Furthermore, indirect contact with methacrylates through adhesives during bonding, where similar concentrations as used in our experiments can be reached (78, 79) , may alter the homeostasis of exposed cells. In occupational settings, dental personnel may be repeatedly exposed to low doses of TEGDMA and other methacrylates (3) . It has been speculated whether chronic activation of antioxidant pathways, such as NRF2, may cause an indiscriminate, favorable environment for cell survival that may, over time, lead to transformation of cells (80) (81) (82) . Epigenetic effects of TEGDMAand other methacrylatescan therefore be an interesting area for further studies.
In conclusion, the present study adds new data and reinforces the current understanding concerning the interaction of methacrylates with cells. Of note, a low, apparently non-toxic dose of TEGDMA caused early alteration in the proteome of exposed cells. Low-dose effects of methacrylates may therefore be important from a health hazard perspective.
